Estimates of lithospheric strength for Mercury, based on the depth of thrust faults 2 associated with large lobate scarps (which were most probably formed previously to ~3 Ga) 3 or on the effective elastic thickness of the lithosphere supporting a broad rise in the 4 northern smooth plains (whose formation is poorly constrained, but posterior to 3.8 Ga), 5 serve as a basis for the calculation of paleo-heat flows, referred to the time when these 6 structures were formed. The so-obtained paleo-heat flows can give information on the Urey 7 ratio (Ur), the ratio between the total radioactive heat production and the total surface heat 8 loss. By imposing the condition Ur < 1 (corresponding to a cooling Mercury, consistent 9 with the observed widespread contraction), we obtain an upper limit of 0.4 times the 10 average surface value for the abundance of heat-producing elements in the outer solid shell 11 of Mercury. We also find that if the formation of the northern rise occurred in a time 12 posterior to ~3 Ga, then in that time the Urey ratio was lower, and the cooling more intense, 13 than when most of large lobate scarps were formed. Thus, because largest lobate scarps 14 deform older terrains (suggesting more intense contraction early in the mercurian history), 15 we conclude that the northern rise was formed previously to 3 Ga. If the age of other 16 smooth plains large wavelength deformations is similar, then tectonic activity in Mercury 17 would have been limited in the last three billion of years. 18
constants (e.g., Van Schmus, 1995) , and a temporal range of 3.0-4.0 Ga, roughly 1 corresponding to Tolstojan and Calorian times (Spudis and Guest, 1988 for the entire crust, a value appropriate for intact, non-porous, basaltic rocks 5 (e.g., Beardsmore and Cull, 2001 ). For descriptions of the construction of temperature 6 profiles and of the calculations of heat flows from the BDT depth see, respectively, 7
Appendixes A and B; the value of the used constant are shown in Table D1 . Our results can be used to obtain constrains on the total concentration of heat 20 sources in the silicate portion of the planet. The existence of a solid, thin (410  37 km) and 21 dense (3650  225 kg m -3 ), shell overlying Mercury's core has been inferred from1 (Smith et al., 2012) . Because its high density, this outer solid shell could include, besides 2 the crust and mantle, a solid FeS layer atop the core (Smith et al., 2012) . In this case, the 3 silicate layer (crust plus mantle), where radioactive heat production occurs, would be 4 thinner than the outer solid shell. 5
In a cooling planet (as evidenced by the ubiquitous contraction observed in 6 Mercury) the ratio between the total radioactive heat production and the total surface heat 7 loss, know as Urey ratio and denoted by Ur, must be lower than 1. Heat flows derived from 8 the BDT depth can therefore be used to calculate the Urey ratio as a function of the heat 9 production in the solid outer shell of Mercury. Thus, Figure 4 shows Urey ratios as a 10 function of the ratio (referred here to as Γ) between the average heat production in the solid 11 outer shell (which is here characterized by mean thickness and density values derived by 12 Smith et al. (2012) ) and the average surface heat production. In other words, Γ = 1 implies 13 a uniform HPE distribution in the crust and mantle equivalent to the value observed at the 14 surface and lower Γ values imply decreasing concentrations of HPE at depth (or in the 15 mantle). If a solid FeS layer atop the core is assumed (or finally demonstrated) to exist, then 16 the silicate layer must be thinner than the outer solid shell, and Γ can accordingly be scaled 17 to the proportion of heat sources in the silicate portion of the planet. 18 Figure 4 presents the results obtained using local and crustal thickness-scaled 19 surface heat flows as representative for Mercury global averages. We only show cases 20 producing lower (upper) limits for the Urey ratio, which correspond to slower (faster) strain 21 rate and older (younger) times (and not to extreme values of surface heat flow). The results 22
show that the Urey ratio increases, for a given time and strain rate, as a function of Γ. 23
Imposing the condition Ur < 1 (implying interior cooling), an upper limit around 0.4 is 1 obtained for Γ. However, through this procedure is not possible to find a lower limit for Γ, 2 because it is not easy to put a lower limit for Ur. 2.7 Ga, there is no overlap at all between NS-and LS-based Urey ratios. This signifies that 23 if the formation of the northern rise topography occurred in a time more recent than ~3 Ga, 1 then in that time the Urey ratio was lower, and the cooling more intense, than when most of 2 large lobate scarps were formed. This contradicts the observation that the largest lobate 3 scarps deform older terrains, suggesting more intense contraction and cooling early in the 4 mercurian history (Hauck et al., 2004) . Thus, the northern rise most likely formed 5 previously to 3 Ga. 6
Several evidences suggest a significant presence of volatiles in Mercury (e.g., rates by using standard decay constants (e.g., Van Schmus, 1995) . 21 dependent thermal conductivity appropriate for forsterite olivine, which is useful for an 1 iron-poor mantle, and therefore 2 3 ) ( The depth of the brittle-ductile transition (BDT) can be used in order to calculate 17 surface heat flows (Ruiz and Tejero, 2000) , which are derived from the temperature T BDT at 18 the BDT depth. The brittle strength, in absence of pore pressure, is calculated according to 19 the expression (e.g., Ranalli, 1997 ) 20
where  is a coefficient depending on the stress regime (which is 3 for pure compression; 3 e.g., Ranalli, 1997) , and g is the acceleration due to the gravity (3.7 m s -2 for Mercury). The 4 ductile strength (which does not depend on the stress regime) is given by 5 ) is the gas constant, and T is the absolute temperature. The temperature at the 10 BDT depth is therefore obtained by equating the brittle and ductile strength for the depth z 11 = z BDT , 12 can be converted to heat flows following the equivalent strength envelope procedure 5 described by McNutt (1984) . This methodology is based on the condition that the bending 6 moment of the mechanical lithosphere must be equal to the bending moment of the 7 equivalent elastic layer of thickness T e . 8
If lithospheric curvature due to flexure is small (as in the case of the northern rise of 9 Mercury), it can be neglected: for the case with mechanically welded crust and lithospheric 10 mantle T e is equal to the depth to the base of the mechanical lithosphere, which is defined 11 as the depth at which the ductile strength reaches a low value of 10 MPa (see Ranalli, 1994 The values of the used constant are summarized in Table D1 . respectively, the surface value, which have the effect of widening the Ur range for a given 12 value of Γ. 13 
